Abstract-Conventional drug delivery systems for solid tumors are composed of a nano-carrier that releases its therapeutic load. These two-stage nanoparticles utilize the enhanced permeability and retention (EPR) effect to enable preferential delivery to tumor tissue. However, the sizedependency of the EPR, the limited penetration of nanoparticles into the tumor as well as the rapid binding of the particles or the released cytotoxic agents to cancer cells and stromal components inhibit the uniform distribution of the drug and the efficacy of the treatment. Here, we employ mathematical modeling to study the effect of particle size, drug release rate and binding affinity on the distribution and efficacy of nanoparticles to derive optimal design rules. Furthermore, we introduce a new multi-stage delivery system. The system consists of a 20-nm primary nanoparticle, which releases 5-nm secondary particles, which in turn release the chemotherapeutic drug. We found that tuning the drug release kinetics and binding affinities leads to improved delivery of the drug. Our results also indicate that multi-stage nanoparticles are superior over two-stage nanocarriers provided they have a faster drug release rate and for high binding affinity drugs. Furthermore, our results suggest that smaller nanoparticles achieve better treatment outcome.
INTRODUCTION
To eradicate cancer cells, nanoparticle formulations have first to reach the tumor site through the tumor blood vessels and extravasate from the relatively leaky regions of the tumor vasculature into the tumor microenvironment. Subsequently, nanoparticles release their drug in many cases in a controlled fashion while they stay put at the perivascular space or to some extent travel in the interior of the tumor. Drug molecules diffuse into the tumor a little further and can bind to cancer cells and/or components of the tumor microenvironment. Finally, they get internalized by cells. The successful delivery of the drug depends in large part on the amount of nanoparticles that reaches the tumor, the ability of the nanoparticles to penetrate deep into the tissue to achieve uniform distribution and the release kinetic and binding affinity of the drug. 11 Parameters of the tumor microenvironment that inhibit the delivery of nanoparticles into the tumor include the size-dependency of the transport both across the tumor vessel wall and then through the tumor interstitial space. [4] [5] [6] 11 Transport across the tumor vessel wall is determined by the relative size of the particle compared to the size of the pores of the vessel wall. We have calculated with the use of mathematical modeling that nanoparticles larger than 60% of the pores of the vessel wall cannot extravasate due to steric and hydrodynamic interactions of the particle with the vessel wall. 6 As a result, large nanoparticles can only extravasate from highly abnormal vessels with extremely large pores in the vessel wall. This might explain in some part why Doxil Ò , a 100 nm pegylated liposomal doxorubicin, has failed to treat pancreatic cancers, which have moderately leaky vessels. 10 However, recently the new liposome MM-398, of approximately the same size as Doxil, did lead to a 1.9 months survival advantage in pancreatic cancers (http://investors.merrimackpharma.com/releasedetail.cfm? ReleaseID=844390). Therefore, not only the size but also other parameters, such as the drug release kinetics might play a crucial role in the outcome of the therapy. 24, 30, 35 Once through the vessel wall, the next step in delivery, interstitial transport, is determined by the relative size of the particle compared to the pores of the dense network of extracellular matrix. If the size of the particle is comparable to the size of the pores, the nanoparticle cannot penetrate into the tumor but it is concentrated in the perivascular regions of the leaky vessels. 18, 34 Heterogeneous distribution of the nanocarriers results in heterogeneous release of the chemotherapy and despite the fact that chemotherapeutic agents should diffuse rapidly into the tumor interior owing to their small size, there is a competition between rapid diffusion and binding of the drug from nearby cancer cells. 13, 24 Therefore, reduced and heterogeneous delivery of nano-carriers and high binding affinities to cancer cells and stromal components can hinder the uniform distribution of chemotherapy, reducing its tumoricidal potential. 11, 27 In previous research, in order to optimize intratumoral distribution of nano-carriers, we developed a multi-stage nanoparticle delivery system that shrinks in size when it enters the tumor interstitial space. 33 We synthesized 100-nm particles (similar in size to Doxil Ò ) using gelatin that can extravasate from leaky tumor blood vessels and be exposed to the tumor microenvironment. The primary gelatin particle was then degraded by matrix metalloproteinases (MMP-2) that are over-expressed in the interior of many tumors and released secondary, 10-nm particles, which could contain therapeutic or diagnostic agents. The secondary particles penetrated deeper and more homogeneously into the tumor interstitial space than the primary particles, and thus, they were able to cover more effectively the large avascular regions of a tumor, providing better distribution. We tested this multi-stage delivery system in vivo in mice bearing tumors and proved their superior penetration into the tumor microenvironment compared with non-degradable particles of the same primary size. However, limited extravasation of 100-nm particles remains a cause for reduced delivery to tumors with poorly or moderately leaky vessels. Recently, we found that the ideal nanoparticle size that optimizes transvascular transport (i.e., extravasation) to tumor tissue and at the same time prevents extravasation to normal tissues, is within the range of 12-20 nm. 6 Therefore, a multi-stage delivery system with primary nanoparticles in this size range appears to be optimal.
In this work, we employ a mathematical model of fluid flow and drug delivery to solid tumors. 28 We first investigate under what conditions our 100-nm multistage delivery system has better efficacy compared with conventional two-stage delivery systems composed of a same size primary particle and the drug. Subsequently, we repeat simulations for a 20-nm multi-stage delivery system that releases 5-nm secondary particles, which contain the chemotherapy. We compare this formulation with a 20-nm two-stage nanoparticle and derive conclusions about the effect of particle size, drug release rate and binding affinity on the efficacy of nanoparticles and provide design guidelines for both two-stage and multi-stage delivery systems.
MATERIALS AND METHODS
The mathematical model builds on our previous work 27, 28 and involves coupling of fluid flow and nanoparticle transport in the vascular and interstitial spaces of the tumor as well as the controlled release of the drug and its binding and internalization by cancer cells. A 2-dimensional percolation network at the percolation threshold is employed to represent the chaotic, multi-scale heterogeneity of the tumor vasculature 1 ( Supplementary Fig. 1 in the Supporting Material), but our methodology can be applied to any vascular geometry in 2 or 3-dimensions. Vascular flow is taken to be steady, laminar, and axial as governed by Poiseuille's equation 19 (a detailed set of equations is presented at the Supporting Material). Fluid exchange between the vascular and interstitial space is calculated with the use of Starling's approximation for semipermeable membranes, and interstitial flow is governed by the solution of Darcy's law for flow through porous media. 2 Transport of particles in the vascular network is assumed to be driven by convection only, transvascular flux was calculated by Starling's approximation and interstitial transport was determined by the solution of the convection-diffusion equation taking into account the release of the drug and of the secondary particle when applicable. 2, 27 The equations for the transport of the different delivery systems are presented in the Supporting Material along with the model parameters employed in our analysis (Supplementary Table 1 ). We have successfully validated this model by comparison with in vivo data for the delivery of nanoparticles of different sizes in murine mammary carcinomas. 6 Owing to the stochastic nature of percolation networks, we repeated the simulations for five random network realizations and the average values are presented.
We model three different delivery systems following bolus injection: (i) a one-stage, chemotherapy system, (ii) a conventional two-stage delivery system consisting of the nano-carrier and the chemotherapy, and (iii) a multi-stage delivery system consisting of a primary nanoparticle, a secondary nanoparticle and the chemotherapy (Fig. 1) . The chemotherapy in the first case or the nano-carrier in the other two cases is delivered to the tumor site through the tumor blood vessels, then they cross the tumor vessel wall and subsequently, they travel the remaining distance from the vessel wall to the cancer cells. For the two-stage and multi-stage systems, the nanoparticles release their payload once they enter the tumor interstitium and the free molecules of chemotherapy (drug) can bind to cell surface receptors, unbind or get internalized. The vascular transport of the drug or the nano-carrier is characterized by the blood half-life K d , the release of the chemotherapy from the nano-carrier by the release rate constant K el , whereas for the multi-stage system two release rate constants appear, K el1 for the release of the secondary particle from the primary and K el2 for the release of the chemotherapy from the secondary particle. To reduce the number of model parameters, we assume that the two release rate constants are the same, unless otherwise stated. Finally, the drug-cell interactions are described by the binding/unbinding rate constants K on /K off and the internalization rate constant, K int ( Fig. 1) . It is also possible, the drug to be taken up by cancer cells without binding to cell surface receptors. In this case, we could simply ignore the binding/unbinding step. We calculate the intratumoral distribution of the drug, its amount that is taken up by cancer cells and the fraction of cells killed by the drug.
We simulate a bolus injection and we adjust the concentration of the delivery systems at the inlet of the vasculature so that all three systems contain the same amount of chemotherapy. Therefore, the load capacity of the two-stage and multi-stage nanoparticles does not have any effect on our calculations. Parameters that affect drug delivery are: the size of the primary and secondary particles, their circulation time in the blood and their diffusivity in the tumor extravascular space, and the release kinetics of the drug and its binding affinity to cell surface receptors. Blood circulation time and interstitial diffusivity are determined based on the size of the particles and published experimental measurements, 14, 16, 18 whereas the rate constant of drug release and the rate constant of binding are varied parametrically to create optimization contour plots. The efficacy of the delivery strategies was quantified by calculating the fraction of cells killed following a methodology by El-Kareh and Secomb 9 and Eikenberry. 8 According to this methodology the fraction of cells killed is related to the concentration of the chemotherapy that is taken up by the cells through a mathematical expression. We used an exponential decay function according to. 8 Selection of optimal release and binding rates can be guided by numerical solutions of the full model and by insights drawn from analytical solutions of a simplified one-dimensional model (see Supporting Material). Including effects of diffusion, convection, and release and binding kinetics, we find that the concentrations of the nanoparticles and drug in free and bound forms decrease with distance from the vessel wall, x, approximately as A i e Àx=L i with each stage's characteristic length scale given by
where D i is the diffusivity of stage i, K i is the stage's rate of release or binding and v is the interstitial fluid velocity away from the vessel. Convection by the interstitial fluid can aid (v > 0) or hinder (v < 0) distribution of the drug. In the absence of significant interstitial flow, the characteristic lengths simplify further to
Roughly speaking, the distance to which the drug penetrates beyond the vessel wall scales as the sum of the characteristic lengths from each stage with longer lengths generally providing more uniform drug distribution, but potentially at the FIGURE 1. Schematic shows the three different delivery strategies considered in the study: chemotherapy alone (onestage), conventional two-stage nanoparticle delivery system consisting of the nano-carrier and the drug and the new multistage nanoparticle delivery system consisting of the primary nano-carrier, the secondary nanoparticle and the drug.
cost of lower absolute concentrations of internalized drug when the multipliers A i are taken into account.
RESULTS

Large, 100-nm Delivery Systems Have Modest Efficacy
Due to Limited Penetration into the Tumor
Contour plots of the 100-nm two-stage and multistage delivery systems are presented in Fig. 2 . The concentration of the drug that is taken-up by cancer cells for the three different delivery scenarios is shown in Fig. 3a. Figure 3a suggests that the concentration of internalized drug is higher when chemotherapy is delivered directly, without the use of a nano-carrier. Because of its small size, the chemotherapy reaches the tumor in larger amounts and thus, it is internalized in larger concentrations. 5, 17 However, improved internalization is not necessarily related to better distribution because drug molecules more effectively bind to cells in the vicinity of the tumor blood vessels preventing the drug from penetrating deep into the tumor tissue (Fig. 3b) . As a result, two-stage and multi-stage systems can be more efficient than chemotherapy alone (Fig. 3c) . Specifically, the optimization contour plots in Fig. 2 suggest that a two-stage system is more effective in a wider range of release kinetics than a multistage system, but the latter is superior for relatively high release rate constants and particularly for high binding affinities of the drug with the cells. In both cases, however, the efficacy of nanoparticles is modest. Furthermore, the efficacy depends strongly on the permeability of the vessels. In Fig. 4 , the fraction of killed cells is presented as a function of time for different distributions of vessel wall pore sizes (mean ± standard deviation). Decreasing the size of the pores, the efficacy of both delivery systems reduces drastically as a result of the size-dependency of the transvascular transport.
Small
Optimization contour plots for the efficacy of a 20-nm multi-stage delivery system as well as a conventional two-stage system of the same primary size are presented in Figs. 5a and 5b. Comparison of Figs. 2, 5a and 5b shows that the smaller the particle, the more effective the treatment becomes. Additionally, Figs. 5a and 5b suggest that multi-stage systems are associated with a higher fraction of killed cells when the rate constant of release is suitably adjusted to relatively high values (See also Supplementary Figs. 2 and 3) .
Apart from the release kinetics and binding affinity, another design parameter that can be modulated is the blood half-life of the particle. In our analysis thus far, we assumed 100-and 20-nm particles to have the same blood half-life but there is experimental evidence for a size-dependency. Particles less than 6 nm in size clear very fast from the blood stream. 7 For larger particles blood half-life decreases as we move from 12-to 125-nm particles, provided the surface chemistry remains the same. 14, 18 Therefore, a 20-nm particle is expected to circulate in the blood for a longer time compared with a 100-nm particle, which further improves the efficacy of smaller delivery systems. This is confirmed in Figs. 5c and 5d , which present the efficacy of the 20-nm particles for a blood half-life value (K d = 22 h), taken from the literature for particles of similar size. 18 
Delivery of 20-nm Multi-stage Systems is Independent from the Permeability of Tumor Vessels
In normal tissues the size of the pores of the blood vessels is less than 12 nm in diameter. 23 Therefore, nanoparticles with a size of 20 nm are not only large enough so that they will not extravasate to normal tissues but at the same time they can ensure unhindered transvascular flux into the tumor tissue due to the leakiness of the tumor vessels. 26 As shown in Fig. 6 , the efficacy of the 20-nm multi-stage delivery system is not affected by a decrease in the size of the pores of the vessel wall and thus, it is expected that it will be effective even for tumors with poorly permeable vessels, such as pancreatic cancers. This finds clinical confirmation in the case of nab-paclitaxel (a 125-nm particle that reduces rapidly to 10 nm in size following disintegration in the blood), which can improve the overall survival of pancreatic adenocarcinoma patients. 31 
DISCUSSION
Examination of the results reveals features that can guide design of nanomedicines. The combination of parameters that lead to the optimal kill of cancer cells achieves two goals. First, the free drug must be available to as much of the tumor volume as possible. Otherwise, uniform binding and ultimately internalization cannot occur. And second, the free drug must bind rapidly enough to avoid being carried out of the tumor before binding can occur. The first goal of maximizing the distance from the blood vessels that the free drug penetrates is achieved by maximizing the sum of the characteristic lengths (RL i ), that is, matching low release rates and low binding rates with small, highly diffusive particles (i.e., large
), however, a design based solely on maximizing depth of penetration for the free drug would be misguided. We note that the characteristic lengths are maximized when the release and binding rates tend to zero, which clearly does not allow any drug to be released or internalized. If instead, we focus on rapid release and internalization, we lose depth of penetration and uniformity of drug distribution. Clearly, a compromise between too rapid and too slow kinetics best balances the challenges of distribution and internalization.
To strike a balance between binding kinetics and penetration depth, we propose a new design of nanomedicines that can optimize the amount and distribution of the drug inside the tumor and the efficacy of the treatment. The essential characteristics of the new multi-stage drug delivery system are (i) its relatively small primary size, on the order of 20 nm, which ensures effective extravasation even from vessels of poorly permeable tumors, (ii) the relatively fast release of the secondary particle and of the drug, and (iii) the penetration and uniform distribution of the secondary particles within the tumor. This new delivery system is expected to be effective in a wider range of binding affinities compared with conventional twostage systems. In the two-stage systems rapid binding of the chemotherapy to cancer cells prevents their penetration and distribution into the tumor, causing effects limited to the vicinity of the blood vessels near the tumor periphery. In the multi-stage system, the addition of an intermediate stage between the primary particle and the chemotherapy delays the interactions of the drug with the cancer cells, whereas the release of the secondary, 5-nm particle that contains the chemotherapy permits the unhindered and rapid transfer of the drug deep into the tumor micro-environment. The size of both the primary and secondary particles is important, because the size of the primary determines the amount of the drug that extravasates into the tumor and the size of the secondary particle determines the penetration and uniform distribution of the drug.
We propose that 20 nm is an ideal size for drug delivery systems. Particles of this size still retain the EPR effect and thus, the selective delivery to tumor tissue and moreover, due to their relatively small size they can extravasate faster and penetrate deep into the tumor interstitial space. This finding is in agreement and confirms published experimental studies. 6, 18 Despite the fact that small size might be associated with increased toxicity, current nanoparticle formulations of 20-30 nm size (e.g., CRLX101 and NC-6004) have already gone through a phase I clinical trial, showing low toxicity. 17, 32 Therefore, in general particles of this size should not be considered to be toxic. Two-stage nanoparticle formulations exist that are equipped with targeting ligands on their surface to specifically recognize cancer cells. 12, 22 In Supplementary Fig. 4 , we repeated the simulations to account for nanoparticle binding. The results suggest that binding of the nanoparticle to cancer cells does not improve significantly the survival benefit, in accordance with published experimental studies. 15 Our results suggest that nanoparticle binding is beneficial when a high binding affinity of the nanoparticle is combined with a slow release of the chemotherapy. Furthermore, it is also possible for the nanoparticle to be taken up by the cells and then to release its drug. Our model can be easily modified to account for such cases by replacing binding with the internalization step. In this case, however, the main conclusion of this study is not affected, i.e., without binding, high internalization rates will still pose a barrier to the penetration and uniform distribution of the nano-carrier and the characteristic penetration length will still be given by Eq. (1) as before. It is also possible for the drug to be taken up by cancer cells without binding to cell surface receptors. Our modeling framework is general, and in this case, the binding step can be omitted allowing the drug to be internalized with a rate constant, K int . Again, the main conclusion described by Eq. (1) does not change and ignoring convection the characteristic penetration length will be scaled as L = (D/K int ) 0.5 . Another model limitation is that our analysis did not account for release of the drug in the vascular network. Even though nanoparticles can selectively accumulate in the tumor tissue due to their relatively large size and the EPR effect, release of the drug in the vasculature causes severe adverse effects. 10 Therefore, nanoparticle delivery systems must be designed to release their therapeutic load after they have entered the tumor tissue. This can be achieved with stimuli-responsive nanoparticles, where drug release is triggered by a property of the tumor microenvironment (e.g., pH or enzyme responsive particles) or by external stimuli (e.g., magnetic field, ultrasound, heat or light). In our manuscript, since drug-loaded secondary nanoparticles are protected by the primary nanoparticles, drug release of multi-stage particles in the vascular space is considered minimum. Drug release in the vascular system can be incorporated into our modeling framework based on previous models. 3, 36 Finally, the model does not account for antivascular effects caused by the well-known highest concentration of the drug near blood vessels, which can result in killing of endothelial cells and changes in vascular structure and geometry. The effect of vascular architecture on drug delivery was discussed in a previous publication. 27 Our work is novel compared to our previous research in that the mathematical model has been extended with incorporation of nanoparticle transport inside the tumor taking into account the release of the chemotherapy and its binding and uptake by cancer cells. Furthermore, a new 1-dimensional model is presented, which is used to derive general conclusions about the characteristic length scale of the penetration of a delivery system into the tumor as a function of its size, binding affinity, and release kinetic. Additionally, in previous research, 33 we had presented for first time a 100-nm multistage particle, which released secondary 10-nm particles following enzymatic degradation. The scope of the current work was (i) to present under what conditions (release and binding kinetics and particle size) a multi-stage nanoparticle delivery system is advantageous over conventional two-stage delivery systems, (ii) to optimize the size of the multi-stage system and also to highlight the importance of the particle size for both two-stage and multi-stage systems, and finally, (iii) to derive a simple expression for the selection of optimal release and binding rates that optimize the penetration of the drug in the tumor. Even though derived for nanoparticles, the results of this research can be applied to other cancer therapeutics, such as chemotherapy.
In our analysis for the multi-stage system, we assumed the same rate constant of release for the secondary particle and the drug. This was a simplification to reduce the number of model parameters and create the corresponding contour plots. In Supplementary  Fig. 5 , we repeated simulations for the multi-stage system fixing one of the release rate constants while varying the other. The results show that decreasing one of the two rate constants drastically reduces the efficacy of the nanoparticle. Therefore, it is desirable for the release of both the secondary particle and the drug to be fast. In our previous study, 33 we calculated the release rate constant of the secondary particle to be in the range of 10 24 to 10 23 s 21 , which is within the range of effectiveness of the multi-stage particles according to the contour plots of Figs. 2 and 5.
In a recent study, a new 100-nm liposome carrying the drug irinotecan showed a 1.9 months survival benefit in a phase III trial for pancreatic ductal adenocarcinomas in combination with 5-FU and leucovarin vs. treatment with 5-FU and leucovarin alone (ClinicalTrials.gov identifier: NCT01494506). Our results (Figs. 2, 3 and Supplementary Fig. 2 ) suggest that under certain conditions of the drug release kinetics, a 100-nm nanoparticle can be more effective than chemotherapy alone. In the particular clinical study, irinotecan is a very toxic drug and incorporating this drug into a liposome reduces its toxicity, and this could improve overall survival. Therefore, tuning of the drug release kinetics and reduction of toxicity can be sufficient even for a large, 100-nm nanoparticle to improve treatment outcome compared with monotherapy.
Model parameters (Supplementary Table 1 ) were carefully selected from the literature and our predictions have been shown to be consistent with available pre-clinical and clinical data. 6, 27 The current model is limited in that it is two-dimensional and does not account for the heterogeneous distribution of vessel diameters and hematocrit and for the formation of vascular shunts. 20, 21 Another parameter not accounted for here is the rheology of blood. Plasma leakage might result in local hemoconcentration, which can increase blood viscosity and flow resistance. 25, 29 Finally, the effect of nanoparticle material, shape, and surface charge were not considered in the current study but can vary considerably among different nanoparticle designs. Our model predictions are better suited for spherical, neutral (e.g., PEGylated) nanoparticles, but even for elongated particles the penetration length can be described by Eq. (1).
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